The forefoing experiments were carried out at existing available accelerators under a limited range of operating conditions. In particular, the radial distribution of beam intensity typically was sharply peaked in the center with relatively large tails; also all experiments were carried out on a single-shot basis. A more uniform current distribution could require as little as one-third as much specific energy. Further, if rapidfire operation were used, there is reason to believe that larger volume of spalls would result because of heating and/or incipient cracking produced by preceding pulses. Thus, for a rapid repetition-rate accelerator designed specially for excavation, it is reasonable to expect lower specific energies (perhaps 100-400 J/cm3 or less) than the -1.0 kJ/cm3 reported above. For design purposes, a value of 250 J/cm3 is assumed. In arriving at the required accelerator output, a 25% allowance is added to the foregoing value to compensate for losses in windows and in the air, and for albedo, x-ray production, etc.
Introduction
There is a national need for more rapid and economical methods of tunneling for undergrounding of power plants, energy storage facilities (compressed air, hydro, Sandstone,sc 6 ksi fuel, thermal, etc.), transmission lines, 300 mph intercity trains, urban transit, factories and warehouses. The forefoing experiments were carried out at existing available accelerators under a limited range of operating conditions. In particular, the radial distribution of beam intensity typically was sharply peaked in the center with relatively large tails; also all experiments were carried out on a single-shot basis. A more uniform current distribution could require as little as one-third as much specific energy. Further, if rapidfire operation were used, there is reason to believe that larger volume of spalls would result because of heating and/or incipient cracking produced by preceding pulses. Thus, for a rapid repetition-rate accelerator designed specially for excavation, it is reasonable to expect lower specific energies (perhaps 100-400 J/cm3 or less) than the -1.0 kJ/cm3 reported above. For design purposes, a value of 250 J/cm3 is assumed. In arriving at the required accelerator output, a 25% allowance is added to the foregoing value to compensate for losses in windows and in the air, and for albedo, x-ray production, etc.
Example Pulsed Electron Tunnel Excavator
This paper concentrates on an example accelerator with 9 MW average beam power, which would thus be capable of removing 104 m3 (136 cu. yds4) of rock per hour, or in other words advance a 6.4 m (21 ft.) diameter tunnel at a rate of 3.2 m (10.6 ft) per hour. This is about an order-of-magnitude greater advance rate than by present-day drill/blast techniques.
In order to assess the possibilities of this technique for rapid tunneling, the conceptual design of a Pulsed Electron Tunnel Excavator has been prepared. 5'6 Several features of this excavator are shown in Figures 2 through 6. Note that the accelerator proper is just one element --though a large one --in the overall design, which also integrates provisions for major construction functions such as tunnel lining, muck removal and ventilation on a continuous basis. Access is available to handle unusual circumstances which might be encountered.
A linear induction accelerator7'8'9 producing electron pulses (5 MV, 5 kA, 1.0 ps = 25 kJ) at a 360 Hz rate has been selected for this example, thus providing the required average electron beam power output of 9 MW. All of the beam parameters proposed have been met or exceeded in existing electron-beam machines, but not simultaneously. Extension of accelerator performance to these parameters would require development of some components but appears to be well within the state-ofthe art.
The accelerator will consist of 64 accelerating modules each producing 80 kV pulsed voltage. A module may be thought of as a pulse transformer in which the transformer cores are driven by a pulse-forming network connected to the primary windings and in which the electron beam constitutes the secondary circuit.
The electron beam pulses will be scanned by a combination of (slow) mechanical and (fast) magnetic means across the rock at the tunnel face in a prescribed pattern. The requirements for the scanning system are severe as it must transmit 9 MW of electron beam from high vacuum to air, must scan in a reasonably precise manner, and must survive for long time-periods in the hostile tunnel environment without being damaged by either the spall debris or the electron beam. Several promising approaches are under consideration. One consists of passing the fiectrons through a directly water-cooled foil window for high-vacuum isolation followed by a modestly-evacuated mechanically-moved snout at the end of which is a moveable foil window (located about 10 cm from the rock face). Other 
